EM fields emitted from any antenna have different dependence on the distance in regions close and far from the source. This fact is due to the complex EM field structure which, according to classical electrodynamics (CED), has two components essentially different by nature: velocity-dependent (bound) and accelerationdependent (radiation) fields [1] [2] [3] [4] . In static and quasistatic limits, bound contributions are also known as force fields. For antennas with spatial dimensions much smaller than the EM radiation wavelength λ, bound fields are dominant within the near zone (R λ 2π )w h e r e a sE M radiation components prevail in the far zone (R ≫ λ 2π ). This difference is clearly used in the vast area of antenna theory and measurements [5] , providing main antenna characteristics in terms of only radiation fields. Within the complementary theoretical context of quantum electrodynamics (QED), there are also compelling reasons for distinguishing real photons (quanta of radiation) from virtual photons as carriers of EM interaction. In fact, both real and virtual photons have different properties corresponding to those of classical radiation and bound fields, respectively, since CED represents the classical limit of QED.
A particular example shedding light upon the EM field structure is the radiation from an electrically small dipole (a) E-mail: smirnov@mat.ucm.es antenna [6] . The electric field consists of three terms:
andṗ R 2 are due to bound fields, whereasp R is the radiation component. The theoretical studies of the characteristics of the field surrounding the electrically small dipole antenna at a particular time t are well known and the procedure dates back to the pioneer work of Hertz [7] who plotted the electric field lines near the dipole, still resembling those of the electrostatic dipole. As time advances, field lines go away from the dipole with a finite velocity that was observed in Hertz's early experiments (1888). However, modern texts on classical electromagnetism and the history of physics make no emphasis on the fact that Hertz studied the propagation of the whole EM field with no separation on bound and radiation fields (concepts not available in the XIX century). Moreover, Hertz's observations of EM waves propagation were effected in the far zone [8] , i.e. where radiation is dominant. In fact, Hertz achieved an operating wavelength of about 6 m (∼50 MHz), starting observation from 1-2 m [7] . Nowadays, all typical near-field antenna measurements are designed to provide information on antenna's far-field patterns (full-size maps of the EM field phase and amplitudes) from their measured near-field data [9] . Thus, neither Hertz at the end of the XIX century nor modern near-field antenna measurements from the early period in the middle of the XX century up to present days made no 64004-p1 O. V. Missevitch et al.
special attempts to obtain experimental data on bound (force) EM field propagation characteristics, leaving Hertz's experiments formally incomplete [8] . In response to this fundamental problem we claim the compelling necessity to start an experimental study of bound fields propagation. The latter is a difficult task which cannot be achieved without serious efforts even using modern facilities available in well-equipped antenna laboratories.
The study of bound (force) fields can be particularly relevant with respect to the physics of EM wave propagation at a speed exceeding c which has already been a subject of broad discussions for at least last three decades. Early studies on superluminal EM wave propagation have been made in anomalously dispersive media [10] , not in a vacuum. Effects of small retardation have been observed in the propagation of evanescent waves working, for instance, with side-by-side prisms [11] , undersized waveguides [12] [13] [14] [15] , in misaligned horn antennas [16, 17] , in experiments on frustrated total internal reflections [18] (see also the review paper [19] and references therein) etc. Superluminar behaviors have been observed also in microwave propagation experiments implementing radar technique [20] and was evidenced by the presence of forerunners in advanced positions with the main luminal peak.
However, as noted in many discussions on the subject, the question on the meaning attributed to the observed effects on anomalous retardation in EM wave propagation in media, waveguides etc. has not yet been completely answered on a fundamental level. There is a widely shared opinion that these phenomena are likely to be related mainly to the near-field zone. In this work we do not pretend to analyze different interpretations given in previous studies but rather to discuss a fundamental novelty of the present approach which is based on a separate experimental observation of propagation characteristics of bound (force) and radiation EM fields in a vacuum.
The first step in this direction was recently attempted by the present authors [21, 22] . Electrically small loop (multi-section) antennas were used because the advantage gained is clear. Since the radiation resistance and radiated power decrease as the fourth power of the ratio of the radius to the wavelength [23] , the performance of the loop antenna in terms of the ratio of bound-to-radiation field strength is substantially better than for ordinary antennas implemented in radio communications. Moreover, the use of ordinary antennas with enhanced radiation performance is rather counterproductive since the method for standing out the bound component in the detriment of EM radiation is required.
Our earlier measurements [21, 22] were carried out at UHF 125 MHz (λ =2.4 m) for co-axial and co-planar orientations of emitting (EA) and receiving (RA) antennas. The co-axial configuration has an important advantage in providing the resultant electromotive force (emf )a s a superposition of only R −3 and R −2 terms due to bound and radiation components, respectively. It gave us a method for the unambiguous identification of retarded positions of bound EM fields on the time scale as functions of the distance R between EA and RA. Contrarily to standard CED predictions, no retardation of bound fields was observed within the near zone. At larger distances this anomaly gradually disappeared providing standard retardation rates approaching to c.
As a critical cross-verification of the previous reports [21, 22] , in this work we implement several substantial improvements. Instead of the resonant EA we use a new EA with a wide frequency bandwidth. A standard B -dot sensor [24] (also characterized by the wide bandwidth 1 GHz) was used as RA whose effective area is only 1 cm 2 in comparison with 40 cm 2 of the previous RA. It made negligible phase distortion of recorded signals for the case of a single quasi-Gauss pulse mode regime of EA currents with variable pulse duration (different EM wavelength and near zone size). Using this facilities we were able to produce high-accuracy measurements of bound field propagation within the near zone of a variable size.
We start with the time-varying Biot-Savart law which reproduces the general EM field structure in the lowvelocity relativistic limit [4, 25] :
where j is the conduction current density, R is a position vector, R ′ is the distance from the volume element dV S and the quantities in brackets are evaluated at the retarded time t − R ′ c . The first and the second terms in (1) describe bound (velocity-dependent) and radiation (accelerationdependent) fields, respectively. The same EM field structure can be obtained using the well-known radiation integrals [23, 26] .
When the loop is electrically small, the standard antenna theory considers an approximately uniform time-dependent current quantity (i.e. having the same value along the wire of the loop). This takes place when the temporal variation of the voltage V (t) in the source is negligible in comparison with the time the light takes to travel the total length of the loop (in our case it regards only the total arch length of one EA section). Under this approximation emf induced in RA takes a very useful compact format [22] :
where S EA and S RA are EA and RA loop areas; k b1 , k b2 , k f 1 , k f 2 are numerical factors due to EA and RA geometries and their mutual orientations; sub-indexes b and f denote bound and free radiation components. Dimensionless coefficients k b1 , k b2 , k f 1 , k f 2 tend to constant values in the far zone while having small radial
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Anomalously small retardation of bound (force) electromagnetic fields in antenna near zone dependence within the near zone. Considering many mutual orientations between EA and RA we found that co-axial configuration has an important advantage: k coax b2 = k coax f 2 = 0 at any R due to axial symmetry whereas k coax b1 (R), k coax f 1 (R) have small radial variations within the near zone tending to 1 for R>λ (see appendix A in [22] ). Thus, the total recorded signal in RA can be taken as having a two-component structure with R −3 and R −2
dependences for bound and radiation components, with equal retardation rates for both of them:
In spite of (3) presenting itself as a detailed theoretical prediction obtained within the modern CED framework, one has to conform with the undeniable fact that there are still no solid experimental data on the propagation rate of bound fields (denoted as u) supporting the condition u = c. The value of u, being the main goal of our experimental confirmation, should be assumed as unknown.
To complete our discussion of methodological aspects, we note that the radiation contribution proportional to R −2 is dominant in the far zone and it constitutes already the totality of the observable signal at R ≫ λ 2π . It makes viable the decomposition procedure of the recorded signal ε into radiation ε f and bound ε b parts. In fact, once the signal ε is recorded at R max ≫ λ 2π as a function of time t, i.e. ε = ε f (R max ,t), bound contributions ε b at smaller distances (R min <R<R max ) and earlier instants of time t ′ can be reconstructed by substraction of ε f (R max ,t) (correspondingly adjusted in phase t → t ′ =(R max − R ′ )/c and amplitude
. This one-step decomposition corresponds to idealized situations (R max ≫ λ 2π ) nearly unattainable in practice since the distance variation range (R min <R<R max ) turns out to be restricted by many technical circumstances (signal's intensity, laboratory room dimensions etc). So, if R max ≫ λ 2π cannot be fulfilled, a multi-step procedure becomes appropriate (appendix B in [22] ). Its implementation will be considered further when discussing the data processing.
This methodology is used for processing RA recorded signals ε generated by single quasi-Gaussian current density pulses j(t). Both time derivatives ∂j ∂t and
resemble one-period quasi-harmonic excitations with narrow frequency spectrum characterized by a dominant frequency and small higher-frequency tail (which is responsible for appreciable intensity of EM radiation of shorter wavelengths). A close examination shows that fixing two 10% amplitude values of a quasi-Gaussian pulse, the temporal variation between them denoted as t S , can be identified with the dominant frequency ν S = 1 2tS and wavelength λ S =2ct S of a signal exited in RA. In this work we undertake measurements for three different quasi-Gaussian pulse modes with the following time variation characteristics: 1) t S =5.78 ± 0.02 ns (λ S = 3.47 m); 2) t S =7.12 ± 0.02 ns (λ S =4.27 m); 3) t S =10.48 ± 0.02 ns (λ S =6.29 m).
For further convenience, we denote by R nz the distance between EA and RA when bound ε b and radiation ε f contributions into the whole signal ε become equal (i.e. ε b (R nz )=ε f (R nz )). For monochromatic excitations R nz = λ 2π formally defining the upper limit of the near zone size. However, in our practical realizations the value of R nz is smaller that λ 2π due to the presence of higher frequencies.
The four-section EA is designed according to the prototype described in [24] , with optimized antenna size of 10 cm diameter and 6 cm width. The impedance of each section is two times smaller than given in [24] . The feeding lines are 4 coaxial cables of 50 Ω, connected in two pairs for a symmetrical drive, thus providing the excitation pulse from the high-voltage pulse generators with balanced outputs (about ±3 kV at 25 Ω load) in form of two opposite polarity signals. This maximum symmetry of the EA excitation excludes an unwanted performance as the electrical monopole antenna. The scheme of the technical realization of the EA driving circuit is identical to the previously implemented one in [21] .
The high-voltage pulse generator is built on the basis of the fast spark gap switches EPCOS A71-H55X that produce 5 kV voltage step with 2 ns rise time. Using three different passive RCL values we are able to work with three different single-pulse duration characteristics. Here we especially note that a single-pulse operational mode (instead of damped quasi-harmonic excitations) is implemented in our experimental approach in order to avoid any interference from reflected waves.
To perform our measurements, we set EA and RA in coaxial configuration. Varying the distance R within the range 20 R 80 cm with the constant step ΔR =10cm, emf induced in RA is recorded in a digital format by the oscilloscope Tektronix TDS-3052 whose sampling rate is 5 G sample/s (0.2 ns/channel), the time resolution is about 0.02 ns and the maximum voltage sensitivity is 1 mV/division. The upper limit R = 80 cm is conditioned by the low signal intensity produced in the RA. Both antennas are mounted on a dielectric table removing all conductive and EM waves reflective objects at distances exceeding 1.5 m. This assured no output data interference by reflected waves during the period of the first 8 ns. To smooth out a relative variation in signal amplitude, the data processing deals only with average record signals (as the result of 128 independent measurements) that are numerically interpolated by cubic splines.
Since in our experimental setup the upper distances R = 80 cm does not fulfil the one-step decomposition condition (R max ≫ λ 2π ), we undertake the analysis of emf ε in terms of the above-mentioned multi-step decomposition (appendix B in [22] ). Fixing the limit distances R min = 20 cm and R max = 80 cm, the two signals ε(R min ,t ′ ), ε(R max ,t) are recorded in form of cubic splines and taken 64004-p3 O. V. Missevitch et al. can be re-scaled into ε f 1 (R min ,t ′ )a sap a r to ft h ew h o l e signal ε(R min ,t ′ ). The purpose is to produce the second iteration of the bound contribution ε
which in turn can be re-scaled into ε b 2 (R max ,t)i no r d e rt o produce the second iteration of the radiation contribution ε
Iterations converge in few steps and in fig. 1 we show the decomposition results specifying bound and radiation contributions ε b ∞ (R min ,t ′ )a n d
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Anomalously small retardation of bound (force) electromagnetic fields in antenna near zone Since the shapes and positions of the bound and radiation contributions are now numerically available in form of cubic splines, one can attempt to reproduce CED theoretical predictions based on (3) within the range 20 < R<80 cm. The error functional (appendix B in [22] 
measures the deviation between the empirically recorded signal ε and its numerically reconstructed counterpart ε * using the strict condition u = c. Here A is the amplitude of the recorded signal at the first half-period; m 1 ,m 2 determine the initial and the final channels of the signal half-period [22] .
Alternatively, searching for the experimental confirmation of u = c implied in the standard CED prediction (3), the functional (4) can be minimized applying u as a free fitting parameter. In other words, one tries to reproduce the value ε * as close as possible to the recorded value ε by adjusting the bound field retardation τ = R/u at all intermediate distances. The results of this analysis are shown in figs. 2(a) and (b) . First, we compare ε * (calculated under u = c) and the recorded signal ε at R = 50, 60, 70 cm for all pulse mode regimes (different λ S ). In all cases the difference between ε and ε * is visually appreciable (see the case of λ S =4.27 m in fig. 2(a) ). When u is used as a fitting parameter which minimizes the difference between ε and ε * , the value of (4) turns out to be more than one order of magnitude smaller for all different pulse mode regimes. T h ec a s eo fλ S =4.27 m is shown in fig. 2(b) .
In fig. 3 we present the total bound fields retardation τ (R) as a function of R for different λ S (dashed vertical lines show the near zone size R nz (λ S ) which corresponds to ε b (R nz )=ε f (R nz )). No retardation is observed within the range of about 0.6R nz . All τ (R)i nfi g .3s h o w equal slopes u =(1.6 ± 0.05)c at R = R nz , tending to the standard retardation slope (u = c)a tR 1.5R nz . These results are in line with our previous reports [21, 22] . In this work we additionally establish that the size of the region where bound fields manifest negligibly small retardation turns out to be scaled exactly as the near zone size.
Finally, we note that the transmission of EM energy and propagation characteristics of EM fields within the near zone nowadays should receive much more attention not only due to proper needs of technological progress but mainly due to the surprisingly incomplete knowledge of bound fields propagation at a fundamental level. We expect the credibility of our experimental results since they are based on the conceptually clear and consistent methodological procedures based on the consideration and practical implementation of an electrically small antenna which prevents from some undesired side effects possible in experiments in dispersive media, horn antennas, undersized waveguides etc. All possible sources of systematic errors are considerably reduced by the implementation of technical improvements in comparison with our earlier works [21, 22] .
